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Abstract
Fifty-one ﬂuoroquinolone-resistant Escherichia coli isolates recovered from pigs, workers and environmental samples in one pig farm
were screened for 16S rRNA methylase genes and qepA, a ﬂuoroquinolone efﬂux pump gene, by PCR. Clonal relatedness of the E. coli
isolates was examined by pulsed-ﬁeld gel electrophoresis (PFGE), multilocus sequence typing and phylogenetic analysis. Plasmids from
the E. coli isolates were characterized by incompatibility group, restriction enzyme digestion and Southern hybridization analysis. The
genetic environment of rmtB and qepA was also determined by PCR mapping. Eleven isolates that were highly resistant to amikacin and
ﬂuoroquinolones were positive for rmtB and qepA. All of these isolates belonged to phylogenetic group A, but most of them had differ-
ent PFGE patterns or belonged to different sequence types (STs). Four isolates from different sources (two from pigs, one from a farm
worker and one from an environmental sample) belonged to the same ST (ST160). Both rmtB and qepA were located on approximately
75-kb IncFII conjugative plasmids with nearly the same EcoRI digestion pattern. Tn3, IS26 and ISCR3 were found to be associated with
rmtB and qepA. This study has found, for the ﬁrst time, the transmission of rmtB and qepA among E. coli isolates from pigs, farm workers
and the environment. Both horizontal transfer of IncFII plasmids and clonal dissemination have occurred and been seen to contribute to
the dissemination of these resistance genes in a pig farm.
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Introduction
In the past two decades, ﬂuoroquinolones have been the
most frequently used antimicrobials for the treatment of bac-
terial infections in domestic animals and poultry in China,
owing to their broad-spectrum antibacterial activity, good
absorption after oral administration and extensive tissue dis-
tribution [1]. Several ﬂuoroquinolones, such as enroﬂoxacin,
ciproﬂoxacin, danoﬂoxacin, saraﬂoxacin and diﬂoxacin, have
so far been licensed for use in food-producing animals in
China. In addition, aminoglycosides, including amikacin, genta-
micin and apramycin, are also widely used in food-producing
animals to prevent and control bacterial infections in China.
As a result, widespread resistance to these antimicrobial
agents in bacteria from animals has emerged [2].
The mechanism of resistance to aminoglycosides originally
involved the acquisition of modifying enzymes, such as acety-
ltransferases, phosphorylases and adenylyltransferases. Methyla-
tion of 16S rRNA became an emerging new mechanism of
high-level pan-aminoglycoside resistance among Gram-negative
pathogens [3,4]. To date, seven types of plasmid-encoded 16S
rRNA methylase, ArmA, RmtA, RmtB, RmtC, NpmA, RmtD
and RmtE, have been identiﬁed worldwide, with RmtB and
ArmA being the most common in Enterobacteriaceae [3–8].
However, less has been known about the emergence of 16S
rRNA methylases in bacteria from animals, except for three
reports on the identiﬁcation of armA and/or rmtB from bacteria
in pigs and chickens in Spain and China [8–10]. Recently, rmtC
has also been reported in food isolates in Europe [11].
Plasmid-mediated quinolone resistance (PMQR) determi-
nants, including Qnr peptides, AAC(6¢)-Ib-cr, QepA and
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OqxAB, constitute an emerging mechanism of ﬂuoroquino-
lone resistance in clinical isolates of Enterobacteriaceae [12].
QepA is a novel plasmid-mediated ﬂuoroquinolone efﬂux
pump protein that displays considerable similarity to the 14-
transmembrane segment efﬂux pump belonging to the major
facilitator superfamily, and confers reduced susceptibility to
hydrophilic ﬂuoroquinolones, such as ciproﬂoxacin and nor-
ﬂoxacin [13].
The association of rmtB with qepA has been frequently
reported [13–16]. The mechanism underlying the close asso-
ciation between these two resistant determinants is not
known, but it may promote bacterial survival under multi-
drug selective pressure. Typically, 16S rRNA methylase genes
and qepA are carried by mobile genetic elements, including
IS26, Tn3, Tn1721, ISCR1 and ISCR3, and can therefore
spread both clonally and horizontally among different lineages
of bacteria [8,13,14,16].
In our previous study on the clonal dissemination of multi-
drug-resistant Escherichia coli selected with ciproﬂoxacin in
animals, farm workers and the environment, we found that a
proportion of the isolates showed high-level resistance to
both amikacin and ﬂuoroquinolones [17]. The objective of
this study was to investigate the distribution and transmis-
sion of 16S rRNA methylase genes and qepA in ciproﬂoxa-
cin-resistant E. coli isolated from pigs, farm workers and the
environment.
Materials and Methods
Bacterial strains
Rectal swabs were obtained from three weaners, one piglet,
three sows, one boar and four farm workers in one pig farm
in Guangdong Province of China in June 2002. Five environ-
mental samples were collected from surface soil, sewage, sul-
lage and pond water. All samples were seeded on eosin–
methylene blue agar plates containing ciproﬂoxacin (4 mg/L).
Three colonies per sample with typical E. coli morphology
were selected and identiﬁed by classic biochemical methods,
and a total of 51 E. coli isolates were included in this study.
Antimicrobial susceptibility testing
Susceptibilities to 12 antimicrobial agents (ampicillin, cefazo-
lin, streptomycin, kanamycin, gentamicin, amikacin, nalidixic
acid, norﬂoxacin, ciproﬂoxacin, chloramphenicol, tetracycline
and trimethoprim–sulphamethoxazole) were determined
with the disk diffusion method. MICs of nalidixic acid, cipro-
ﬂoxacin, norﬂoxacin, gentamicin, amikacin, tetracycline and
ampicillin were also determined with the agar dilution
method, in accordance with the CLSI guidelines [18].
PCR ampliﬁcation and sequencing
The presence of the 16S rRNA methylase genes (rmtA, rmtB,
rmtC, rmtD, rmtE, armA and npmA) and PMQR genes (qepA,
qnrA, qnrB, qnrS, qnrC, qnrD, aac(6¢)-Ib-cr and oqxAB) was
determined by PCR as previously described [6,15,19]. The
genetic environment of rmtB and qepA was determined by
PCR mapping with speciﬁc primers, according to the
reported surrounding structure [13].
The mutations within quinolone resistance-determining
regions of gyrA and parC in rmtB-positive isolates were also
determined, as previously described [20].
Epidemiological typing
The clonal relationships of rmtB-positive isolates were exam-
ined by pulsed-ﬁeld gel electrophoresis (PFGE) with XbaI,
with conditions of 6 V/cm for 20.3 h at 14C and a pulse
time ranging from 0.5 to 63.8 s.
Multilocus sequence typing (MLST) was performed with
seven conserved housekeeping genes (aspC, clpX, fadD, icdA,
lysP, mdh and uidA). A detailed protocol for the MLST proce-
dure, including allelic type and sequence type (ST) assignment
methods, is available at the EcMLST website (http://www.
shigatox.net/ecmlst). The phylogenetic groups (A, B1, B2 or
D) of all rmtB-positive isolates were determined by an estab-
lished multiplex PCR-based method [21].
Conjugation experiments and plasmid analysis
A conjugative experiment was carried out to determine the
transferability of rmtB and qepA, with azide-resistant
E. coli J53 as the recipient. Transconjugants were selected on
LB agar plates containing amikacin (100 mg/L) and sodium
azide (100 mg/L) for counterselection.
PCR-based replicon typing was performed on conjugative
plasmids, as previously described [22]. Eighteen primer
pairs, targeting the FIA, FIB, FIC, F, HI1, HI2, I1-Ic, L/M,
N, P, W, T, A/C, K, B/O, X, Y and FIIA replicons, were
used.
Restriction fragment length polymorphism analysis was
performed on plasmids from transconjugants. Brieﬂy, plas-
mids from transconjugants were extracted with a rapid alka-
line lysis procedure and digested with the endonuclease
EcoRI (TaKaRa Biotechnology, Dalian, China) to analyse the
restriction fragment length polymorphism proﬁles and esti-
mate the sizes of the plasmids.
EcoRI-digested plasmids were also hybridized with rmtB-
speciﬁc and qepA-speciﬁc probes. The probes used in the
hybridization assays were generated by PCR with positive
controls as template DNA. Labelling and detection were car-
ried out with a DIG-High Prime DNA Labeling and Detec-
tion Starter kitII (Roche, Mannheim Germany).
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Sequence analysis
GenBank searches were performed with the NCBI BLASTN
alignment tool. The sequences determined in this study have
been deposited in GenBank under accession numbers
HQ174460 and HQ174461.
Results and Discussion
A total of 51 ciproﬂoxacin-resistant E. coli isolates were
obtained from pigs, farm workers and the farm environment.
In addition to resistance to ciproﬂoxacin, 11 isolates (six
from pigs, three from farm workers and two from environ-
mental samples) also exhibited high-level resistance to genta-
micin (>512 mg/L) and amikacin (>1024 mg/L). Moreover,
these isolates were also resistant to ampicillin, tetracycline
and trimethoprim–sulphamethoxazole. Nine and eight of the
11 isolates were also resistant to chloramphenicol and strep-
tomycin, respectively. All isolates were susceptible to cefazo-
lin (Table 1).
The 11 isolates were screened by PCR for the presence
of seven known types of 16S rRNA methylase gene. The
rmtB gene was found in these isolates, but not the other six
16S rRNA methylase genes. The results were consistent with
previous reports that rmtB was the major 16S rRNA methyl-
ase gene in China [7,8,10,23]. These isolates were also
screened for the presence of PMQR determinants. Consis-
tent with previous reports [13–16], all 11 isolates that were
positive for rmtB contained qepA. Five of them also contained
oqxAB, a gene of the RND efﬂux pump family that confers
resistance to multiple antimicrobial agents and has recently
being identiﬁed as one of the mechanisms of PMQR [12]. No
other PMQR determinants were detected in this study. Dou-
ble mutations in GyrA (to Leu83 and Asn87) and ParC (to
Ile80 and/or Ala84) were found in all 11 rmtB-positive strains
(Table 1). These target mutations conferred high-level ﬂuor-
oquinolone resistance to these isolates (nalidixic acid,
>128 mg/L; norﬂoxacin, >32 mg/L; and ciproﬂoxacin, 32 to
>64 mg/L).
All 11 rmtB-positive isolates belonged to phylogenetic
group A. Five PFGE patterns were found in six of the 11
isolates, which could be successfully typed. The other ﬁve
isolates showed less stable DNA for PFGE subtyping
(Table 1). However, MLST was successful in showing the
TABLE 1. Characteristics of 11 Escherichia coli isolates and their transconjugants carrying both rmtB and qepA
Strain Origin
PLG
type PFGE MLST
MIC (mg/L) Other
resistance
proﬁles
Plasmid
incompatibility
group
Plasmid
RFLP
QRDR
mutationa Other
PMQR
gene(s)AMP GEN AMI NAL NOR CIP NaN3 gyrA parC
8-5 Weaner 1 A A ST171 >256 >512 >1024 >128 >32 >64 128 TET, CHL,
SXT
L83, N87 I80
8-5-T >256 512 >1024 8 0.5 0.03 >512 FII Ia
6-1 Weaner 2 A B ST918 >256 >512 >1024 >128 >32 32 128 TET, SXT L83, N87 I80
6-1-T >256 >512 >1024 8 0.5 0.03 >512 FII Ib
6-4 Weaner 2 A UT ST160 >256 >512 >1024 >128 >32 >64 128 TET, STR,
CHL, SXT
L83, N87 I80,
A84
oqxAB
6-4-T >256 >512 >1024 4 1 0.125 1024 FII Ic
23-2 Boar A UT ST461 >256 >512 >1024 >128 >32 64 128 TET, STR,
CHL, SXT
L83, N87 I80 oqxAB
23-2-T >256 512 >1024 8 0.25 0.06 >512 FII Ib
18-1 Sow 1 A C ST919 >256 >512 >1024 >128 >32 64 128 TET, STR,
CHL, SXT
L83, N87 I80
18-1-T >256 >512 >1024 8 0.5 0.06 >512 FII Ib
13-5 Sow 2 A UT ST160 >256 >512 >1024 >128 >32 >64 128 TET, STR,
CHL, SXT
L83,
N87
I80,
A84
oqxAB
13-5-T >256 512 >1024 8 0.25 0.03 >512 FII Ib
39-4 Pond
water
A UT ST160 >256 >512 >1024 >128 >32 >64 128 TET, STR,
CHL, SXT
L83, N87 I80,
A84
oqxAB
39-4-T >256 512 >1024 8 0.125 0.03 512 FII Ib
19-3 Sullage A D ST917 >256 >512 >1024 >128 >32 >64 128 TET, CHL,
SXT
L83, N87 I80
19-3-T >256 >512 >1024 4 0.125 0.03 >512 FII Ib
36-5 Worker 1 A E ST243 >256 >512 >1024 >128 >32 32 128 TET, STR,
CHL, SXT
L83, N87 I80
36-5-T >256 >512 >1024 8 0.25 0.06 512 FII Ib
36-4 Worker 1 A E ST243 >256 >512 >1024 >128 32 32 128 TET, STR,
CHL, SXT
L83, N87 I80
3-4-T >256 512 >1024 8 1 0.125 >512 FII Ib
38-4 Worker 2 A UT ST160 >256 >512 >1024 >128 >32 >64 128 TET, STR,
CHL, SXT
L83, N87 I80,
A84
oqxAB
38-4-T >256 512 >1024 8 0.125 0.06 >512 FII Id
Recipient J53 2 1 2 4 0.03 0.008 512
AMI, amikacin; AMP, ampicillin; CHL, chloramphenicol; CIP, ciproﬂoxacin; GEN, gentamicin; NAL, nalidixic acid; NaN3, sodium azide; NOR, norﬂoxacin; STR, streptomycin;
SXT, trimethoprim–sulphamethoxazole; TET, tetracycline; MLST, multilocus sequence typing; PFGE, pulsed-ﬁeld gel electrophoresis; PLG, phylogentic group; PMQR, plasmid-
mediated quinolone resistance; QRDR, quinolone resistance-determining region; RFLP, restriction fragment length polymorphism; ST, sequence type..
aL83 represents a mutation at position 83 to the amino acid leucine, etc.
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clonal relationships of these isolates. The 11 isolates
belonged to seven distinct STs (Table 1), three of which
were novel STs, ST917, ST918 and ST919. Interestingly, four
isolates from different sources (two from different pigs, one
from a farm worker and one from an environmental sample)
belonged to the same ST (ST160), suggesting clonal dissemi-
nation of the same isolate in animals, humans and the envi-
ronment. None of the farm workers had used antimicrobial
agents within 6 months before sample collection, which
strongly implicated transmission of antimicrobial-resistant
E. coli from animals to farm workers and the environment,
consistent with other reports [19,24,25]. As only a limited
number of samples and isolates were included in the study,
one might expect that clonal transmission of resistant bacte-
ria from farm animals to workers is more common. Further
studies are needed to assess the occupational health risks
associated with the occurrence of rmtB-producing E. coli in
farm workers.
Amikacin-resistant transconjugants were successfully
obtained from all rmtB-positive isolates by conjugation. Con-
jugative transfer frequencies varied from 4.7 · 10)9 to
3.5 · 10)5 transconjugants per recipient. The qepA gene was
co-transferred with rmtB, but not with oqxAB. Transconju-
gants showed extremely high-level resistance to gentamicin,
amikacin and ampicillin, at the same level as the donor
strains. The MICs of norﬂoxacin, ciproﬂoxacin and nalidixic
acid for the transconjugants were four-fold to 64-fold higher
than those for the recipient strain (Table 1). The rmtB–qepA
genes were recently identiﬁed on IncF plasmids in E. coli
from Belgium, and also in Enterobacter aerogenes from Korea
[14,26]. In China, rmtB has been found to be commonly asso-
ciated with IncF plasmids in human clinical isolates [27]. In
this study, all of the transconjugants carried only one
approximately 75-kb plasmid, which belonged to the IncFII
incompatibility group and showed nearly identical EcoRI
digestion proﬁles (Table 1; Fig. 1a,b). IncF plasmids are well
adapted to E. coli, are commonly seen in naturally occurring
faecal ﬂora of humans and animals, and can be easily conju-
gated to other species [28]. Therefore, it is suggested that
the IncFII family plasmids might contribute to the diffusion of
rmtB and qepA among E. coli in pig farms. DNA hybridization
with rmtB-speciﬁc probe showed a single band in six plasmids
and two or three bands in four plasmids, whereas the qepA-
speciﬁc probe showed a single band in four plasmids and
two or three bands in six plasmids (Fig. 1c,d). This implied
that there might be multiple copies of rmtB and/or qepA on
some of the IncFII plasmids.
PCR mapping showed a 38-bp sequence corresponding to
an inverted terminal repeat of Tn3 elements (accession num-
ber V00613) between rmtB and its upstream gene blaTEM-1,
as observed in other studies [8,13,14,16,26,29]. Unlike the
intact tnpA and tnpR genetic structure of Tn3 that is associ-
ated with rmtB found in one Klebsiella pneumoniae isolate
(GenBank accession number FJ410927) from China [29], tnpA
or tnpR of Tn3 in other rmtB-carrying plasmids—pHPA
(Japan), pIP1260 (Belgium), pVOG1 (France), pYS10 (Korea)
and pHNC (China)—was truncated because of the insertion
of IS26, which was inserted at different sites of Tn3 (Fig. S1)
[8,13,14,16,26]. The insertion sites of IS26 in Tn3 found in
this study were different from those in the plasmids men-
(a)
(b)
(c)
(d)
1 2 3 4 5 6 7 8 9 10 11 M
1 2 3 4 5 6 7 8 9 10 11 M
1 2 3 4 5 6 7 8 9 10 11
1 2 3 4 5 6 7 8 9 10 11
23.1 kb
9.4 kb
6.5 kb
23.1 kb
23.1 kb
rmtB probe
qepA probe
6.5 kb
9.4 kb
6.5 kb
4.3 kb
FIG. 1. Plasmid analysis of transconjugants. Lanes 1–11: 8-5-T, 6-1-
T, 6-4-T, 23-2-T, 18-1-T, 13-5-T, 39-4-T, 19-3-T, 36-5-T, 36-4-T and
38-4-T. Lane M : kHindIII marker. (a) Plasmid proﬁles of transconju-
gants. (b) EcoRI restriction digestion proﬁles of rmtB-carrying plas-
mids of the transconjugants. (c) Southern blot hybridization of EcoRI-
digested plasmids with a digoxigenin-labelled rmtB-speciﬁc probe. (d)
Southern blot hybridization of EcoRI-digested plasmids with a digoxi-
genin-labelled qepA-speciﬁc probe.
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tioned above. Of the 11 isolates, ten had the same insertion
site (3335 of FJ410927) (HQ174461), but one isolate
(8-5) had a different insertion site (3479 of FJ410927)
(HQ174460) (Fig. S1). It is suggested that insertion of IS26
has occurred at multiple sites on the transferable plasmids at
different times. In pHPA, pIP1206, pVOG1 and pYS10, rmtB
and qepA were located in a region bracketed by two IS26
elements containing, in the order of truncated Tn3, blaTEM-1,
rmtB, intI1/groEL, ISCR3 and qepA [13,14,16,26]. It appears
that co-transfer of three antimicrobial resistance genes, bla
TEM-1, rmtB and qepA, mediated by IS26 has occurred world-
wide. Therefore, IS26 plays a critical role in the dissemi-
nation of rmtB and qepA.
The qepA gene was commonly found to be associated with
ISCR3 [13,14,16,26,30]. As novel gene-capturing systems,
ISCR elements are unusual groups of insertion sequences that
have similarities to the IS91 family in both structure and
function [31]. It has also been proposed that ISCR3-type ele-
ments might be responsible for the mobilization of qepA2 by
transposition/recombination mechanisms, according to the
model described by Toleman et al. [30,31]. The environment
surrounding the qepA genes was investigated with primers
complementary to the intI1/groEL and ISCR3 regions. All 11
qepA-positive isolates and their transconjugants contained
intI1/groEL and ISCR3.
This study illustrates that IncFII plasmids carrying several
important antimicrobial resistance determinants—rmtB, qepA
and blaTEM-1—can be transferred among animals and humans
by direct contact in animal farms. The spread of typically
conjugative and narrow-host-range IncFII-type plasmids carry-
ing rmtB and qepA genes among E. coli in pig farm may pose a
threat to both animal and human health, as these multidrug
resistance plasmids may be eventually transmitted to humans
through the food chain. To safeguard public health, aminogly-
cosides and ﬂuoroquinolones should be used prudently in
animal farming.
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